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Human leukocyte antigen HLA-B alleles have better protective
activity against HIV-1 than HLA-A alleles, possibly due to differ-
ences in HLA-restricted HIV-1-specific CD8+ cytotoxic T lymphocyte
(CTL) function, but the mechanism is unknown. HIV-1 negative
regulatory factor (Nef) mediates down-regulation of surface ex-
pression of class I HLA (HLA-I) and may therefore impair immune
recognition by CTL. Because of sequence differences in the cyto-
plasmic domains, HLA-A and -B are down-regulated by Nef but
HLA-C and -E are not affected. However, the latter are expressed
at low levels and are not of major importance in the CTL responses
to HIV-1. Here, we compared the role of the cytoplasmic domains
of HLA-A and -B in Nef-mediated escape from CTL. We found
HLA-B cytoplasmic domains were more resistant to Nef-mediated
down-regulation than HLA-A cytoplasmic domains and demon-
strated that these differences affect CTL recognition of virus-
infected cells in vitro. We propose that the relative resistance to
Nef-mediated down-regulation by the cytoplasmic domains of
HLA-B compared with HLA-A contributes to the better control of
HIV-1 infection associated with HLA-B-restricted CTLs.

It is known that HLA-B types are more protective against HIV-1
(HIV-1) than HLA-A types (1, 2). This phenomenon is puzzling

at first because HLA-A and -B are expressed at similar levels on
leukocytes and have the same basic function, which is to present
peptides to CD8+ CTL. The protection is not entirely explained
by a confounding effect of a few highly protective HLA-B types
such as B57, B58, B27, B51, and B81 (3). It is striking, however,
that the most protective types are all B allotypes, findings made
independently by conventional HLA typing and by genomic
methods (4, 5). It has been shown that HLA-B-restricted HIV-1-
specific T cells are more polyfunctional, have higher avidity
receptors, and show greater clonal turnover, compared with HLA-
A-restricted T cells (6, 7), but these properties could be secondary
to the better control of the virus that these HLA types confer.
HIV-1 negative regulatory factor (Nef) is well known to down-

regulate surface expression of HLA class I (8). However, because
down-regulation of HLA class I is less complete than the down-
regulation of CD4, also mediated by Nef but through a different
mechanism, its importance has been uncertain. If the effect is big
enough to diminish CTL responses, it is hard to reconcile with the
often-rapid selection of virus escape mutants by CTL in vivo (9,
10). On the other hand, strong evidence that MHC down-regu-
lation is important comes from Swigut et al. (11), who infected
rhesus monkeys with a simian immunodeficiency virus (SIV)
carrying hard-to-revert mutations in Nef that abrogated the
down-regulation of MHC class I. Initially the animals controlled
the challenge SIV more effectively than animals infected with
wild-type virus, but then the virus repaired the mutations to re-
store full Nef activity and virus control was diminished. There-
fore, the SIV-Nef effect on MHC class I must be important to
virus virulence; it is likely that this is also true of HIV-1 Nef.
The obvious consequence of down-regulation of class I HLA

would be to facilitate evasion of CTL attack. Similar strategies have
evolved in many other persisting viruses, although through several
different mechanisms (12–15). It is important to note, however,

that virus-mediated down-regulation of HLA class I is compatible
with strong antiviral CTL responses because the latter can be
primed through cross-presentation of viral proteins taken up by
uninfected dendritic cells (16). Thus, the abundant antiviral CTL
usually present in HIV-1-infected patients may be severely limited
in CTL ability to recognize infected cells by the actions of Nef.
It has previously been shown that HLA-C is resistant to down-

regulation by HIV-1 Nef, unlike HLA-A and -B (17). However,
because HLA-C is normally expressed at low levels (18), HLA-C-
specific CTL may not be very important, although epitopes pre-
sented by HLA-C are sometimes present (10, 19, 20). On the other
hand, retention HLA-C, even at low levels, may mean that it can
still inhibit natural killer (NK) cells that have HLA-C-specific
KIR2DL receptors (17).
Previous studies have shown that that HLA-A and -B mole-

cules are both sensitive to Nef down-regulation, but it was briefly
noted that HLA-A is more down-regulated than HLA-B (17).
Differences between the HLA-A, -B, and -C molecules in their
sensitivity to intracellular Nef are likely to reflect genetic poly-
morphism in the amino acid sequences of their cytoplasmic
domains. Here we test the hypothesis that HLA-B-restricted CTL
responses are stronger than HLA-A-restricted responses because of
their differing susceptibility to Nef-mediated down-regulation. We
generated transfected cells that expressed the extracellular domi-
nance of HLA-B, complementing previous studies that have shown
much more frequent and greater effect of HLA-B than HLA-A-
restricted anti-HIV-1 specific T-cell responses (1, 5, 21, 22).

Results
Polymorphism of the HLA-I Cytoplasmic Domain and Nef-Mediated
Down-Regulation. HIV-1 Nef-induced down-regulation of HLA-I is
mediated by its interaction with the cytoplasmic domain of HLA-I
and the clathrin adaptor protein complex-1 (AP-1) (23). To assess
the role of the cytoplasmic domain of HLA-I allotypes in CTL-
mediatedHIV-1 control, we initially evaluated the polymorphism in
the HLA class I exons 6,7, and 8 that encodes the carboxyl-terminal
of HLA-I molecule (Table 1 and Table S1) according to available
HLA-I sequences from the gene bank database. This region of
HLA-I is relatively conserved compared with the external alpha-1
and alpha-2 domains (17). Whether polymorphisms in this domain,
apart from those that regulate HLA-C expression, affect CTL
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responses to HIV-1 has not previously been examined. Examina-
tion of the international ImMunoGeneTics information system
(IMGT)/HLA database (http://www.ebi.ac.uk/imgt/hla/) shows that
for the HLA-A alleles there are seven cytoplasmic domain variants,
compared with two for HLA-B and seven for HLA-C (Table 1 and
Table S1). Six of the seven HLA-C, but none of the HLA-A and -B
cytoplasmic regions have the Y321C and D328N variations, which
are important in resisting Nef-mediated down-regulation (17, 23).
We generated Jurkat T-cell lines stably expressing chimeric

human HLA-I, molecules having HLA-A0201 extracellular and
transmembrane domains fused to different cytoplasmic sequences
of HLA-I identified from the IMGT/HLA database to examine the
role of cytoplasmic domain polymorphism on differential HIV-1
Nef-mediated HLA-I down-regulation. Even though we selected
Jurkat cells with the strongest 2% expression after transduction, it
was clear that the expression of HLA-A2 chimeric molecules with
HLA-C cytoplasmic domains, with the exception of A2-C1205, was
at least 10-fold lower than chimeras containing HLA-A or HLA-B
cytoplasmic domains (Fig. S1). Isoleucine at position 337, present in
all C cytoplasmic domains, is thought to be responsible for accel-
erated internalization, which leads to a lower expression of HLA-C
molecules on the surface (18). Expression levels of chimeric HLA-
A2 molecules with HLA-A and HLA-B cytoplasmic domains were
at a high level and similar. The cell lines were then transiently
transfected either wild-type HIV-1SF2Nef or a HIV-1G2ANef mu-
tant, both tagged with GFP. The G2A Nef is mutated at amino acid
position 2 so that it is not myristoylated and is therefore defective in
mediating HLA-I down-regulation (24). The level of surface HLA-
A2 expression was then compared between cell populations gated
on GFP positive cells (Fig. 1A). The HLA-A2 molecules with
HLA-A cytoplasmic domains were more down-regulated by Nef
than those with HLA-B domains (P < 0.01, Student’s t test;
Fig. 1B). As expected, there was no down-regulation of HLA-A2
fused to any of the HLA-C cytoplasmic domains.
We then asked whether whole virus infection of the Jurkat

cells with the laboratory strain HIV-IIIB down-regulated the
chimeric HLA-A2 molecules in the same way (Fig. 1C). Again,
we found that down-regulation of chimeric HLA-A2 molecules
was determined by the cytoplasmic tail and again there was
significantly less down-regulation of HLA-A2 with -B compared
with A cytoplasmic domains (P < 0.05, Student’s t test ; Fig. 1D).
HLA-A2 with C cytoplasmic domains was not down-regulated.

T Cells Recognize an HIV-1 Epitope Presented by HLA-A2-B Chimeras
Better than HLA-A2-A Chimeras. We then asked whether the dif-
ferent degree of Nef-mediated down-regulation of HLA-A2,
dependent on the cytoplasmic domain, affected T-cell recogni-
tion, using the live virus IFN-γ enzyme-linked immunosorbent
spot (ELISPOT) assay to measure CTL recognition of infected
cells (25). Jurkat T-cell lines expressing HLA-A2 chimeras were
infected with HIV-IIIB and cocultured overnight with an HLA-
A2-restricted Gag p17 77–85 (amino acid sequence SLNYT-
VATL)–specific CTL clone (G10), which was 95% positive for
epitope-specific T-cell receptors by HLA A2-epitope tetramer
staining. The IFN-gamma-producing T cells were then counted
in an ELISPOT assay at a ratio of 1:50 G10:infected cells to
ensure maximal stimulation of the T cells (Fig. 2 A and B).
We consistently observed more IFN-gamma-producing T cells
[measured as spot-forming units (SFU)] when the clone was
exposed to infected cells expressing HLA-A2 chimeras with
HLA-B cytoplasmic domains compared with HLA-A domains,
although HLA-A2-A26 was an exception (Fig. 2A).
Comparatively fewer SFU were observed when the clone was

incubated with infected cells expressing HLA-A2-C, with the
exception of the relatively highly expressed A2-C1205, which
stimulated a strong response. The poor T-cell responses could be
attributed to low expression of most of the HLA-A2-C chimeras
on the surface of the cell lines. There was a highly significant cor-
relation between mean fluorescent intensity of HLA-A2 staining or
fold down-regulation of A2 chimera (HLA-A and -B) on HIV-1-
infected cells and number of SFU (Fig. S2 and Table S4).
Therefore, these experiments demonstrate that the degree of
HLA-A2 down-regulation strongly influences recognition of virus-
infected cells by this Gag-specific CTL clone.
We confirmed these results by measuring the disappearance

of infected cells in the presence of the G10 T-cell clone in vitro
(Fig. 2C). We found some p24 negative cells down-regulated CD4
and likely represent the infected cells at early stage when p24 expres-
sion is low. The escape by the infected cells with the HLA-A cyto-
plasmic domains could be titrated and was less marked at higher
effector-to-target ratios (Fig. 2D). Complementary results were
found when the expression of CD107a was measured on the G10
cells cocultured with infected cells. Cell-surfaceCD107a levels were
notably higher when G10 was exposed to cell lines with the HLA-
A2 chimeras that were not down-regulated by HIV-1 (Fig. S3).

Table 1. Aligned cytoplasmic domain sequences of cell lines generated representing
HLA-A, -B, and -C alleles in the database

Classical 
HLA-I

Allele 
name

Amino acid sequence No. of HLA types 
known to share

HLA-A A2-A2 310RRKSSDRKGGSYSQAASSDSAQGSDVSLTACKV342

A2-A26 310.........................M.......342

A2-A11 310............T....................342

A2-A43 310............F............M.......342

A2-A24 310..N..............................342

A2-A80 310.K...V...........................342

A2-A32 310....L....................M.......342

HLA-B A2-B35 310.....GG.......................339

A2-B57 310.....GG.........C.............339

HLA-C A2-C1205 310.....GG....C......N......E..I...A342

A2-C0822 310.....GG...........N......E..I...A342

A2-C0430 310.....GG....C.....TN......E..I...A342

A2-C0750 310.....GG....C......N......E..IT..A342

A2-C0711 310.....GG....C....C.N......E..I...A342

A2-C0704 310.....GG....C....C.N......E..IT..A342

A2-C0719 310.....GG....C..V.C.N......E..IT..A342
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Aligned cytoplasmic domain sequences of cell lines generated representing HLA-A, -B, and -C alleles in
the database. Dots represent residues that match with HLA-A0201 sequence. Highlighted amino acids are
believed to be crucial residues that are important in Nef-mediated HLA-I down-regulation (17). The num-
bering corresponds to the residue number in HLA-Cw4.

13354 | www.pnas.org/cgi/doi/10.1073/pnas.1204199109 Rajapaksa et al.

http://www.ebi.ac.uk/imgt/hla/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1204199109/-/DCSupplemental/pnas.201204199SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1204199109/-/DCSupplemental/pnas.201204199SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1204199109/-/DCSupplemental/pnas.201204199SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1204199109/-/DCSupplemental/pnas.201204199SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1204199109/-/DCSupplemental/pnas.201204199SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1204199109


HLA-B7 is More Resistant to Nef-Mediated Down-Regulation than
HLA-A2 and -A3 in Cell Lines Naturally Expressing both Alleles. To
exclude the possibility that the results shown above are limited
by the use of cells transfected with hybrid HLA molecules, we
extended the study to cells expressing native HLA molecules.
We used two cell lines, Jurkat and 293T cells. The number of cell
lines that can be used for this kind of analysis is restricted by
the availability of specific anti-HLA-I antibodies, but for Jurkat
(HLA type HLA-A*3, HLA-B*7, and HLA-B*35) and for 293T
(HLA type A2, A3, and B7), antibodies to HLA-A*2, A*3, and
B*7 were accessible. On uninfected cells the level of expression
of HLA-A and -B was very similar. However, after HIV-1 in-
fection of Jurkat with HIV-IIIB or transient transfection of 293T
with HIV-1SF2Nef-GFP, we observed that HLA-A2 and -A3
were always more down-regulated than HLA-B7 (Fig. 3 A–C).

Effect of HIV-1Nef on HLA-B- and HLA-A-Restricted T-Cell Responses.
Finally we compared HLA-A- and HLA-B-restricted T-cell
recognition of HIV-1 in the same cell. MT2 cells, which express
both HLA-A24 and HLA-B51, were infected with wild-type
HIV-1 (NL4-3) or Nef-mutant HIV-1 (M20A NL4-3). The latter
expresses a Nef protein with a mutation at position 20 (M20A),
which selectively abolishes HLA down-regulation (26). HLA-
A24-restricted Nef 134–142-specific and B51-restricted Gag
327–335-specific CTL clones were used as effector T cells, with
an HLA B8-restricted Nef-specific CTL clone as a negative con-
trol. T-cell recognition of virus was measured using a live virus

ELISPOT assay (Fig. 3D). The T-cell response for each clone
incubated with virus-infected MT2 cells at a ratio of T-cell clone
to infected cells of 1:50, was compared with the response ob-
tained with the Nef-mutant HIV-1-infected cells. We repeatedly
found no significant difference in the magnitude of the IFN-γ
response by HLA B51-restricted CTLs when incubated with
wild-type HIV-1-infected cells compared with M20A pNL4-3
virus-infected target cells. In contrast, the HLA A24-specific
CTLs responded to MT2 cells infected with Nef mutant virus
significantly more effectively than to cells infected with the
wild-type virus.

Discussion
It is widely held that HLA-B alleles are superior in function to
HLA-A in control of HIV-1 (1, 2). All of the confirmed strongly
protective HLA alleles are B (4, 5), but these do not entirely
account for the association between HLA-B-restricted T-cell
responses and slower disease progression; the studies by Kiepiela
et al. (1) and Pereyra et al. (5) show that B allotypes have a
greater effect, which can either be positive or be negative. It is
also clear that HLA-B-restricted responses are much more fre-
quent that HLA-A-restricted responses by a ratio of over 2 to 1.
It has been assumed that the stronger and functionally superior
HLA-B-restricted CTL responses are determined entirely by
the nature of the CTL epitopes (6, 7). It has also been suggested
that the protective HLA-B27 and -B57 molecules select a more
broadly responding T-cell receptor repertoire in the thymus because
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Fig. 1. Differential down-regulation of HLA-A, -B, and -C alleles with Nef and HIV infection. (A) Representative flow cytometry demonstrating
magnitude of down-regulation of HLA-A2-A, HLA-A2-B, and HLA-A2-C chimera measured 24 h after transiently transfecting with plasmids expressing
HIV-1SF2Nef/GFP or control plasmid HIV-1G2ANef/GFP. (B) The fold down-regulation of A2 chimera in the presence of HIV-1SF2Nef/GFP as calculated as in methods.
(C ) Representative flow cytometry demonstrating magnitude of down-regulation of HLA-A2-A, HLA-A2-B, and HLA-A2-C chimera measured 6 d post-
infection with HIV-IIIB virus. (D) The fold down-regulation of A2 chimera in infected cells, calculated by comparing MFI of A2 in p24 positive cells (described in
detail in Materials and Methods). All data are representative of three independent experiments. Error bars, SEM, x = mean fold down-regulation of
HLA-A2. P as calculated by Student’s t test.
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of amino acid sequence constraints in the peptides they bind
(27). These findings, however, only give part of the explanation.
It is unlikely that the T-cell receptor repertoire hypothesis would
extend across all HLA-B alleles and the T-cell functional argu-
ments do not explain why those functions are better in the
first place.
Here, we demonstrate that the cytoplasmic domain of HLA-B

molecules avoids reduced CTL cell recognition of HIV-1-infected
cells by resisting Nef-mediated down-regulation of HLA class I
molecules. Although that resistance is incomplete, it appears
sufficient to enable strong and effective CTL responses to be
maintained and that this could lead to efficient control of virus
replication and lead to more effective elimination of infected
cells. Preliminary experiments (not shown) indicate that the GG
motif in the cytoplasmic domain shared by HLA-B and -C but
not -A, together with shortened cytoplasmic tail, are needed to
abrogate the down-regulation.
Our findings therefore explain how CTL could exert better

control over HIV-1 infection when they are restricted by HLA-B
compared with HLA-A. Consistently, HLA-B-restricted T cells
recognized HIV-1 infected cells better than HLA-A-restricted
T cells. HLA-C molecules are resistant to Nef-mediated down-
regulation (17, 23) but the baseline level of expression of HLA-C
was repeatedly low, with the exception of A2-C1205, despite
sorting the top 2% expressing cells in three independent trans-
ductions for each cell line. However, HLA-A2-C chimeras
were all sufficiently expressed to be able to determine accurately
whether or not Nef or HIV-1 caused down-regulation. The levels
of natural HLA-C molecules on the cell surface are known to
be lower than HLA-A and -B (28), and this has been attributed
to either faster mRNA turnover (29), inefficient β2m association
(30), low availability of specific peptides (31), or faster protein
internalization in which Ile337 in the cytoplasmic domain of
HLA-C plays a key role (18). Our findings with the A2-C chi-
meras clearly implicate the cytoplasmic domain in determining
low C expression. The higher expression of A2-C1205 does not
influence this study of Nef-mediated down-regulation, but is of
some interest. It does not correlate with any known polymorphism
in natural HLA-C expression levels (32) and is being further

investigated. Generally, T-cell recognition of the HLA-A2-C chi-
meric molecules was weak and there was a very strong correlation
between the level of HLA expression after exposure to Nef and
CTL recognition (Fig. 2 B and C).
The results obtained with the transfected HLA-A2 chimeric

molecules were reproduced with native HLA-A and HLA-B
alleles in two cell lines that are susceptible to HIV-1 infection.
Although this type of experiment is difficult to extend because of
the limited availability of HIV-1-susceptible cell lines with HLA
types matched to available antibodies, it is likely that the results
seen here can be generalized. Previously it has been shown that
functional outcomes upon antigen engagement depend on the
strength of the stimulus (6, 33) and by antigen concentration
(34). We might expect therefore to see more polyfunctional re-
sponses in CD8 + T cells that respond to epitopes presented
by HLA types that are not down-regulated by HIV-1. Our ob-
servation that IFN-γ response in ELISPOT assays were greater,
and that there was more degranulation and IFN-γ secretion in
cocultured HLA-B-specific CTL clones compared with HLA-A-
specific CTL clones supports this idea.
There is no doubt about the contribution of the extracellular

domains of HLA-I to HIV-1 control by selecting the viral pep-
tide epitopes to which CTL respond. HIV-Nef has probably
evolved to down-regulate HLA-I to enable the virus to escape
cell-mediated immune responses (8, 35). That this function is of
great importance is implied by experiments in macaques, where
a hard-to-correct mutation of the Nef sequence to abrogate
this function in challenge SIV was repaired in vivo in infected
macaques as the infection progressed (11). Why the cytoplasmic
domains are polymorphic in the first place is unknown. It might
reflect some ancestral interactions with a Neflike viral protein.
In summary, this study describes a mechanism by which poly-

morphism in cytoplasmic domain can lead to better control of
HIV-1. We have shown that CTLs are able to elicit a good
response against epitopes presented by HLA-B alleles because
of the relative resistance of the latter to Nef-mediated down-
regulation. Our data provide further insight into HIV-1 patho-
genesis and provide an immune mechanism that helps explain of
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Fig. 2. Control of HIV infection by A2-restricted
Gag-p17-specific CTL. (A) Results of live virus ELISPOT
assay carried out with E:T = 400:20,000. All data are
representative of three independent experiments.
Error bars, SD, P as calculated by Student’s t test.
(B) Correlation betweenmean fluorescent intensity of
A2 chimera of HIV-IIIB-infected cells and mean spot-
forming units. (C) Representative flow-based viral
suppression assay results of selected HIV-IIIB-infected
chimeric cell lines cocultured with A2 Gag-restricted
CTL clones. CD8+ cells were gated out. (D ) Per-
centage suppression of HIV-1-infected cells (p24
positive cells) compared with cultures incubated
without A2 Gag-specific clones.
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previous data that show better HIV-1 control by HLA-B alleles
compared with HLA-A.

Materials and Methods
Construction of HLA-A2 Chimera. Primer pairs as specified below (Table S2)
were used to alter HLA-A2 cytoplasmic tail sequences as detailed by PCR
mutagenesis. An HLA-A0201 wild-type construct inserted into a pcDNA3.1
vector (Clontech) acted as template. The forward primer introduced a BamHI
restriction site. For A2-A2, A2-A26, A2-A11, and A2-A43, the reverse primer
introduced both desired point mutation and NotI restriction site to the
gene terminus. For A2-A24, A2-A80, A2-A32, A2-B35, and A2-B57 the desired
mutation was introduced in one round of PCR, the product purified by gel
extraction, and then extended with primer A2R2Not/B57NotR/B35NotR to
introduce the second restriction site (Table S3). PCR was performed using
the proofreading DNA polymerase Pfu (Stratagene).

Replication incompetent recombinant lentivirus were generated using the
three plasmid system by cotransfection of 293T cells with calcium phosphate.
A DNA mix composed of 1.5-μg HLA-A2 chimeric sequence inserted lentiviral
vector, 1-μg envelop plasmid; pMD.G expressing the vesicular stomatitis
virus G-envelope protein, and 1-μg packaging plasmid pCMVΛR8.91, con-
taining the HIV-1 gag/pol, tat, and rev genes required for efficient lentivirus
production were used.

Supernatant was collected at 24, 48, and 72 h posttransfection, and stored
at −80 °C. The virus was later thawed and concentrated by ultracentrifu-
gation at 111,000 × g at 4 °C for 1.5 h under sterile conditions. The pellet
was resuspended in 200 μL RPMI 1640 and aliquoted for storage at −80 °C.

Jurkat cell sub cell line (JJK) cells in the exponential growth phase were
infected with the packaged virus. One aliquot of lentivirus was used to infect
cells. The virus aliquot was added to cells and returned to incubation for 2 h
at room temperature. Cells were mixed every 0.5 h before adding 1 mL of
R10 and returning to 24-well plates for culturing. After 5 d, cells were checked
for HLA-A2 expression and the top 2% positive cells were selected by flow-
cytometric sorting.

Cell Culture. Jurkat cells expressing CD4+, MT2, and C8166 were grown in
RPMI supplemented with 10% (vol/vol) FCS, glutamine, and penicillin/
streptomycin. The 293T cells were grown in Dulbelco Modified Medium
supplemented with 10% FCS glutamine and penicillin/streptomycin.

Antibodies, Plasmids, and Viruses. The following antibodies were used:
Mouse antihuman HLA-A2 conjugated to PE (AbD Serotec) or Alexa Flour 647
(AbD Serotec), mouse antihuman HLA-ABC Alexa Flour�647 (AbD Serotec),
anti-CD4/APC (Dako), anti-HLA Class-I A3 conjugated to biotin (AbCam),
APC Donkey antimouse IgG (eBiosciences), purified anti-HLA Class-I B7 (AbD
Serotec), Kc57-RD1 (Beckman Coulter), antihuman CD8 conjugated to APC
H7(BD), and antihuman CD107a conjugated PE (BD).

Plasmids encoding wild-type or mutant Nef–GFP fusion proteins were
created as described (36). HIV-IIIB virus was used for initial viral assays. The
virus stocks were generated by infecting 1 × 107 C8166 cells with stock HIV-
IIIB virus. In summary the cells were spun down in 15-mL falcon tubes and
mixed with one vial of concentrated HIV-IIIB virus stock and incubated at
37 °C in 5% CO2 for 1.5 h. At the end of the incubation period the cells
were washed twice with RPMI and resuspended in R10 and returned to the
incubator. The supernatant was harvested on D4, D7, and D10. The virus
concentration was measured using the commercial kit p24 capture ELISA
according to manufacturer instructions (Immunodiagnostics).

Construction of Virus Containing M20A Mutation.M20A pNL4-3 was generated
with PCR mutagenesis using pNL4-3 template with Quick Change II XL Site
directed mutagenesis kit (Stratagene) (37). Briefly mutagenesis PCR was per-
formed with primers introducing the mutation according to manufacturer’s
instructions. The PCR product was digested with DpnI enzyme to remove
methylated DNA and then transformed into XL1-Gold Ultra competent
cells and grown under Ampicillin selection. The generated mutation was
confirmed by sequencing. Plasmid DNA was extracted using Maxi prep kit
(Qiagen). Viruses were generated by tranfecting 293T cells with Lipofect-
amine 2000 (Invitrogen) according to manufacturer instructions.
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Fig. 3. Relative resistance to Nef-mediated down-regulation by native HLA-B leads to strong effector response in CD8+ T cells observed with HLA-B alleles.
(A) Dot plots and representative histogram demonstrating down-regulation of HLA-A3 and HLA-B7 in HIV-1SF2Nef-GFP transfected Jurkat cells (n = 3). (B) Dot
plots and representative histogram showing down-regulation of HLA-A3 and HLA-B7 in HIV-IIIB-infected Jurkat cells (n = 3). (C) Dot plots and representative
histogram showing down-regulation of HLA-A2 and HLA-B7 in HIV-1SF2Nef-GFP expressing 293T cells (n = 3). Magnitude of HLA-A/B down-regulation was
measured 6 d postinfection or 24 h postelectroporation. (D) Live virus IFN-γ ELISPOT assay was performed with pNL4-3 or M20A pNL4-3 virus-infected MT2
cells at different infectivity ratios. These were cocultured either with HLA-A24 Nef and HLA-B51 Gag-restricted CTL clones at E:T= 400:20,000 overnight. SFU
were normalized by comparing SFU obtained for each clone with mean SFU obtained for MT2 cells pulsed with relevant peptide. All data are representative of
three independent experiments. Error bars, SEM, P as calculated by Student’s t test.
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HLA Down-Regulation Assay/Flow Cytometry. The 4–6 × 106 JJK were spun
down and washed with RPMI1640, then resuspended in 0.4-mL RPMI1640.
Cells were gently mixed with 30-ug plasmid DNA (HIV-1SF2Nef and/or HIV-
1G2ANef) and transferred to a 4-mm electroporation cuvette (BioRad). The
cuvette was placed in the holder of the electroporation apparatus (BTX
Electro cell manipulator 600; BTX) and shocked once at 260 V, 1070 uF, 72 Ω.
Soon after, electroporation cells were transferred to 2-mL prewarmed R10
in a 6-well plate. The cells are returned to incubator at 37 °C, 5% CO2. Cells
are analyzed using flow-cytometric assay after 24 h.

Transduced and transfected cells were stained for surface molecules using
a panel of antibodies after 24 h. The panel included monoclonal antibodies
against HLA-A2, MHC-I, CD4, and HLA-A3. Cells were incubated with the
pretitrated antibodies on ice for 20 min and washed with 2 mL of FACS wash
buffer [PBS + 2% FCS (FCS) +0.01% sodium azide]. If a secondary antibody
was used, the staining steps were repeated. Intracellular staining was carried
out with HIV-1 p24 specific antibody (Kc57-RD1), a marker of HIV-1-infected
cells. Washed cells were fixed with fixing reagent before performing analysis
using Dako CyAn flow cytometer with summit software.

Fold down-regulation was calculated as follows:
Fold down-regulation of A2 chimera on the surface = MFI of A2 of un-

infected/untransfected cell ÷ MFI of A2 of HIV-infected/Nef-transfected cells.

Live Virus ELISPOT Assay. The production of IFN-γ when target cells were
cocultured with CTLs was measured on D6 of infection (the highest infection
rate of Jurkat cells is achieved on D6). The cells were incubated at E:T =
400:20,000 after correcting for infection rate. In brief, the ELISPOT plates are
coated with 5 ug of mAB for at least 2 h at room temperature or overnight
at 4 °C, then washed six times with PBS and blocked with R10 at 37 °C for 2 h.
The cells were incubated at above concentration in R10 overnight (12–14 h)
before developing according to manufacturer’s instructions. The plates are

read using ELISPOT reader. ELISPOT assays using virus-infected cells were
carried out in the level-3 containment laboratory. Uninfected cells pulsed
with relevant peptide, PHA and/or PMA + Ionomycin are used as positive
control. HLA-mismatched clones incubated with infected target cells, target
cells alone, and media alone were used as negative controls.

CD8+ T-Cell Degranulation Assay. To examine whether CTL degranulation
depends on the amount of HLA-I allele present on the surface of the CD4+

T cells infected with viral variants, we monitored the level of CD107a
upregulation on CTLs. Jurkat and MT2 cells infected in vitro with respective
HIV-1 viruses for 4–6 d were used as targets. The level of degranulation was
assessed as the proportion of CD107a+ cells among the CTLs. CD8 + T cells
from clones that were 14 d old were cocultured in the presence of CD4+

T cells expressing same HLA-I alleles with Monensin at 0.7 μl ml−1, Brefeldin
A at 10μg ml−1, and CD107a-PE for 6 h. Cells were washed and stained with
CD3-PerCP, CD8-APC-H7, and CD4-FiTC (BD Biosciences) and dead cell stain
(violet) (Invitrogen) and flow cytometric analysis was performed.

Statistical Analysis. One- or two-tailed unpaired t test was used for com-
parison of data based on experimental hypothesis. SPSS version 17 was used
for most of the statistical calculations and Graph Pad Prism was used for
drawing figures.
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